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ABSTRACT 

At  the  request  of  several  program  managers,  AMMRC  investigated  cracking 
of  high  hardness  armor  steel  (MIL-A-46100) .  Cracks  were  first  reported  on 
detail  parts  that  were  stored  after  being  cut  from  large  plates.  In  addi¬ 
tion,  the  cracking  was  reported  during  subsequent  fabrication  steps,  as 
well  as  in  fielded  vehicles. 

AMMRC  found  an  environmental  assisted  cracking  (EAC)  mechanism  to  be 
responsible  for  the  cracking  phenomenon.  AMMRC  further  identified  two 
significant  factors  which  could  be  controlled  and  thereby  reduce  the  likeli¬ 
hood  of  EAC  occurring:  the  residual  stress  level  in  the  parts,  and  micro¬ 
crack  formation  at  cut  edges. 

The  residual  stress  level  in  the  detail  parts  was  related  to  the  heat 
treatment  of  the  high  hardness  steel.  The  AMMRC  investigation  identified 
a  minimum  tempering  temperature  and  time  (350°F/30  min)  to  minimize  the 
residual  stress  level  in  the  heat  treated  plates.  These  tempering  param¬ 
eters  were  incorporated  into  the  latest  revision  of  MIL-A-46100  in  April 

11983.  AMMRC  further  recommended  the  best  cutting  procedure  in  order  to 
minimize  the  number  of  microcracks  on  plate  edges,  which  acted  as  EAC 
initiation  sites. 
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INTRODUCTION 


When  high  hardness  armor  is  used  in  combat  vehicles,  the  material  processing 
and  fabrication  sequence  must  be  carefully  planned  and  executed  in  order  to  avoid 
conditions  that  promote  premature  failure.  One  mechanism  that  can  severely  degrade 
the  service  life  of  steel  components  is  environmental  assisted  cracking  (EAC). 

EAC  is  the  stable,  subcritical  growth  of  a  crack  in  a  material  under  stress 
which  is  exposed  to  a  hostile  environment.  The  susceptibility  of  high  strength 
steel  to  EAC  is  well  documented^"^  and  when  extensive  cracking  was  observed  in  5/16- 
inch  and  3/8-inch  plates  of  high  hardness  steel  armor  (MIL-A-46100)^  during  vehicle 
construction,  EAC  was  immediately  suspected  as  a  probable  failure  mode  (see 
Figure  1).  An  in-depth  metallurgical  analysis  at  AMMRC  revealed  that  EAC  was  the 
operative  cracking  mechanism,  with  crack  propagation  occurring  through  the  inter¬ 
action  of  edge  cracks  with  the  ambient  environment  (moist  air)  and  plate  residual 
stresses  (due  to  thermal  cutting  and  insufficient  tempering). 


Part  312 


Part  312,  Close-up  of  Cracked  Area 


Figure  1.  Catastrophic  Cracks  in  Detail  Parts. 


1.  FLETCHER,  E.,  BERRY,  W.,  and  ELSE  A,  A.  Stress  Corrosion  Cracking  and  Hydrogen  Cracking  of  High  Strength  Steel  DM  IC  Report 
232,  July  29,  1966. 

2.  DAWSON,  D.  B.,  LEVY,  M.,  and  SEITZ,  D.  W.  Stress  Corrosion  Cracking  of  High  Hardness  Steel  Armor  in  Proceedings  of  the  Tri- 
Service  Corrosion  of  Military  Equipment  Conference,  v.  2,  Sessions  4-7,  October  1974,  Dayton,  Ohio. 

3.  MOSTOVOY,  S.,  and  RIFLING,  E.  The  Feasibility  of  Using  Fracture  Mechanics  for  Evaluating  High  Hardness  Armor  Steel  Final 
Technical  Report  Contract  DAAE07-68-C-2305,  TACOM,  June  1969. 

4.  MXL-AASlOOy  Armor  Plate,  Steel,  Wrought,  High  Hardness,  June  1983,  Prepared  by  Army  Materials  and  Mechanics  Research  Center, 
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The  following 
cracking  to  occur. 


four  conditions  must  be  met 


in  order  for  environmental  assisted 


1. 

2. 

3. 

4. 

assisted 


A  crack  initiation  event  must  have  occurred. 

The  component  must  be  under  stress  (applied  or  residual). 

The  component  must  be  exposed  to  an  aggressive  environment. 

The  material  must  possess  an  inherent  susceptibility  to  environmental 
crack  propagation  (e.g.,  a  threshold  well  below  the  Kjq) . 


However,  the  EAC  phenomenon  can  be  effectively  eliminated  if  any  of  these  four 
conditions  can  be  removed,  or  adequately  controlled,^  if  thermomechanical 

treatments  can  reduce  the  plates  residual  stress  level,  or  if  the  structure  can  be 
redesigned  so  that  the  applied  stress  is  lowered,  no  EAC  will  be  seen  even  though  a 
crack  may  be  present  in  a  susceptible  material  which  is  exposed  to  a  harsh  environ¬ 
ment.  (Table  1  shows  the  interdependence  of  the  four  controlling  factors.) 


In  addition  to  understanding  the  interrelationship  of  these  four  necessary 
conditions,  the  dynamic  nature  of  EAC  can  be  understood  by  examining  the  relative 
values  of  the  instantaneous  stress  intensity  at  the  crack  tip  (K^),  the  plane-strain 
fracture  toughness  (Kjq)  and  the  environmental  assisted  cracking  fracture  toughness 
(Kieac^*  When  the  values  of  these  three  stress  intensities  for  a  given  material/ 
environment  system  are  compared  to  each  other,  the  exact  nature  of  crack  propagation 
during  EAC  can  be  easily  understood. 


The  following  three  situations  represent  the  boundary  conditions  that  define 
the  nature  of  EAC: 


1.  Ki  >  Kic 

2.  Ki<  KieaC 
KxeaC  <  Ki  <  Kjc 

In  the  first  case,  the  crack  tip  stress  intensity  is  greater  than  the  ma¬ 
terials  fracture  toughness .  Immediate  catastrophic  fracture  of  the  material  will 
occur  upon  initial  loading  to  because  the  materials  fracture  toughness  (Kjq)  has 
been  exceeded.  For  the  case  where  there  will  be  no  crack  extension, 

because  the  prevailing  stress  intensity  (Kj^)  is  not  a  sufficient  driving  force  to 
cause  the  crack  to  propagate. 

EAC  will  occur  when  the  crack  tip  stress  intensity  is  between  the  EAC  thres¬ 
hold  and  the  fracture  toughness.  Under  these  conditions,  a  crack  will  grow  in  a 
stable  manner  at  a  rate  characteristic  of  the  material/environment  system.^  The 
final  fracture  characteristics  will  be  dependent  on  whether  the  stress  is  applied 
externally,  or  is  residual  within  the  plate .  When  the  stress  is  external ,  the 
crack  tip  stress  intensity  (Kj^)  increases  as  the  crack  grows,  and  when  reaches 
Kjq  catastrophic  fracture  of  the  component  will  occur.  However,  when  the  stresses 
are  residual  due  to  prior  fabrication  processes,  an  entirely  different  situation 
is  encountered.  In  this  case,  the  residual  stresses  are  relieved  as  the  crack 
extends,  and  may  not  necessarily  increase  to  the  Kjq  because  increases  in  crack 


5.  HERTZBERG,  R.  W.  Deformation  and  Fracture  Mechanics  of  Engineering  Materials.  Wiley  &  Sons,  New  York,  1976,  Chapter  11, 
p.  377411. 
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Table  1.  INTERRELATIONSHIP  OF  NECESSARY  CONDITIONS  FOR 
ENVIRONMENTAL  ASSISTED  CRACKING 


length  are  offset  by  decreases  in  the  stress  level.  If  K£  does  not  reach 
crack  growth  will  continue  to  occur  in  a  slow,  stable  manner,  with  no  fast  frac¬ 
ture  ever  occurring.  This  situation  accurately  describes  the  cracking  problems 
encountered  during  vehicle  production.  AMMRC's  experimental  work  fully  charac¬ 
terized  this  EAC  phenomenon  and  identified  changes  in  production  techniques  that 
reduce  the  likelihood  of  EAC  when  high  hardness  armor  is  used  in  future  combat 
vehicles . 
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EXPERIMENTAL  PROCEDURES 


Description  of  Plates 


Material  used  in  the  study  included  five  5/16-inch-thick  parts  from  the  vehicle 
production  line.  In  addition,  a  variety  of  test  plates  (12"  x  12"  x  5/16")  from 
cracked  and  uncracked  material  were  examined.  Most  of  these  were  given  stress 
relief  heat  treatments  after  cutting,  and  were  evaluated  to  ensure  that  the  stress 
relief  did  not  degrade  performance. 


Table  2  lists  the  sizes  and  quantities  of  the  plates  received,  and  also  in¬ 
cludes  a  brief  description  of  the  plates  condition.  The  identification  given  in 
Table  2  will  be  used  throughout  the  remainder  of  this  report. 


Nondestructive  Examination 


The  cracked  parts  (312,  313A,  313B,  313C)  were  examined  with  fluorescent  mag¬ 
netic  particle  inspection  (MPI)  in  order  to  detect  the  extent  and  morphology  of 
microcracks  along  cut  surfaces . 


Table  2.  LIST  OF  MATERIALS* 


Plate/Part 
Ident.  No. 

Qty. 

Thick. 

Size 

Condition 

312 

1 

5/16" 

26" 

K  49" 

as-cracked  -  water- 
shielded  plasma  cutting 

313A,B&C 

3 

i 

1 

24" 

K  26" 

as-cracked  -  cold-sheared 
oxyfuel  cut-out  notch 

309 

1 

24" 

<  26" 

uncracked  -  gas-shielded 
plasma  cut 

1-5 

5 

12" 

<  12" 

from  plate  with  cracked 
parts  SR’^  350OF/1  hr 

6-7 

2 

from  plate  with  uncracked 
parts  SR  400OF/1  hr 

8-9 

2 

SR  450OF/1  hr 

10-11 

2 

SR  500OF/1  hr 

12-13 

2 

SR  550OF/1  hr 

14-17 

4 

no  SR 

18 

1 

SR  400OF/1  hr 

19 

1 

SR  450OF/1  hr 

20 

1 

1 

SR  500OF/1  hr 

21 

1 

1 

SR  550OF/1  hr 

22-23 

2 

no  SR 

D 

1 

i 

standard  heat  treatment 
with  no  SR 

*The  steels  studied  can  be  divided  into  two  alloy  combinations.  The 
first  steel  is  a  manganese  (Mn)-Molybdenum  (Mo)-Boron  (B)  alloy.  All 
of  the  parts  and  most  the  plates  are  of  this  chemistry.  Another  high 
hardness  steel  chemistry  uses  Nickel  (Ni)  and  Chromium  (Cr)  as  the 
major  alloy  elements.  Plate  D  is  of  this  alloy.  Both  of  the  steel 
chemistries  use  a  nominal  0.30  weight  percent  carbon  (C)  as  is  allowed 
by  specification  MIL-A-46100.  Table  4  gives  representative  chemistry 
ranges  of  both  classes  of  high  hard,  as  well  as  the  specific  information 
that  is  relevant  to  one  of  the  cracked  parts. 

tSR  -  stress  relief 
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The  stress-relieved  test  plates  and  part  309  were  also  examined  with  MPI  in 
order  to  detect  the  cracking  severity. 

Chemical  Analysis 

Chemical  analysis  was  performed  on  chips  milled  from  cracked  part  313C  and 
plate  D.  The  analysis  of  the  carbon  and  sulphur  was  performed  by  combustion  and 
later  verified  by  infrared  carbon  analysis.  All  other  elements  were  evaluated  with 
emission  spectrometry.  Part  313C  represented  the  Mn-Mo-B  chemistry  while  plate  D 
was  of  the  Ni-Cr  chemistry  (see  Table  3). 

Metal lography 

Optical  metallography  was  used  to  examine  cut  edge  microstructure,  bulk  steel 
microstructure,  and  any  crack  morphology/microstructure  correlation.  In  addition, 
the  scanning  electron  microscope  (SEM)  was  used  to  characterize  the  actual  crack 
fracture  surfaces  and  broken  Charpy  and  tensile  bar  surfaces.  All  of  the  optical 
metallography  samples  were  prepared  using  standard  metallographic  practices.  The 
optical  specimens  that  were  examined  included  a  series  of  plate  edges  to  compare 
various  cutting  techniques  (water-shielded  plasma,  gas-shielded  plasma,  and  cold 
shearing).  The  edges  were  studied  for  any  micros true tural  and  microhardness 
variations  with  distance  from  the  edge  to  determine  the  effects  of  each  cutting 
process.  The  bulk  microstructure  of  each  steel  chemistry  (Mn-Mo-B  and  Ni-Cr)  was 
also  examined.  Finally,  crack  morphology  was  analyzed  at  various  stages  of  crack 
development;  initiation  less  than  0.04",  2",  and  7"  with  particular  interest 
focused  on  corrosion  products,  if  any,  located  within  the  crack  tip. 

Stress  Relaxation 

A  series  of  fixed  displacement  load  relaxation  tests  were  performed  to  deter¬ 
mine  the  effects  of  tempering  temperature  on  the  residual  stress  in  high  hardness 
steel  plates.  Threaded  round  tension  specimens  (gage  diameter  =  0.160",  gage 
length  0.64")  were  machined  from  part  313C,  and  these  specimens  were  loaded  in  a 
20,000-pound  capacity  Instron  tension  testing  machine  that  was  equipped  with  a 


Table  3.  CHEMISTRY  DATA  ON  HIGH-HARD  STEEL 


C 

Mn 

P 

S 

Ni 

Cr 

A1 

Mo 

Si 

B 

31 3C 

Mn-Mo-B 

0.33 

1.41 

0.008 

0.009 

0.002 

0.038 

- 

0.19 

- 

0.005 

D 

Ni-Cr 

0.30 

0.92 

0.009 

0.011 

0.98 

0.55 

0.031 

0.50 

0.44 

- 

4340* 

0.38/0.43 

0.6/0. 8 

0.035 

max 

0.040 

max 

1.65/2.00 

0.7/0. 9 

0.2/0. 3 

0.15/0.3 

- 

- 

J13 

(Ref.  2) 

0.30 

1.20 

0.012 

0.020 

- 

0.02 

- 

0.21 

0.24 

- 

Gll 

(Ref.  2) 

0.28 

0.94 

0.010 

0.025 

0.59 

- 

0.21 

0.66 

- 

MIL-A-46100B 

0.28/0.32 

- 

0.025+ 

max 

0.025+ 

max 

- 

- 

- 

- 

- 

- 

*ASM  Metals  Handbook,  v.  1,  9th  edition,  1978. 

■^Total  percent  phosphorous  and  sulphur  may  not  exceed  0.040. 
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furnace  capable  of  maintaining  specimen  temperatures  from  lOO^F  to  400®F.  The  test 
procedure  involved  establishing  the  furnac’e  temperature  and  then  loading  the  speci¬ 
mens  to  a  predetermined  initial  stress.  The  crosshead  of  the  testing  machine  was 
then  locked  at  a  fixed  displacement  and  the  load  relaxation  was  measured  as  a  func¬ 
tion  of  time.  Initial  stress  levels  were  kept  below  the  yield  strength  of  the 
steel  to  accurately  simulate  bulk  plate  residual  stress  levels.  The  test  tempera¬ 
tures  ranged  from  150^F  to  400^F  in  order  to  span  the  typical  tempering  temperature 
range  for  high  hardness  steel.  The  test  matrix  of  initial  stress  and  test  temper¬ 
atures  is  given  in  Table  4. 


Table  4.  TEST  MATRIX  OF  STRESS  RELAXATION  STUDY 


Initial  Stress 

Test 

Temperature 

(ksi) 

{°F) 

100 

150 

200 

250  300  250 

400 

200 

150 

200 

250  300  350 

400 

Mechanical  Testing 

Fracture  toughness  tests  were  performed  on  both  part  313C  (Mn-Mo-B  grade)  and 
plate  D  (Ni-Cr  grade)  of  high-hard  steel  according  to  ASTM  E399-81.  The  tests  used 
precracked  Charpy  bars  loaded  in  three-point  bending,  and  the  results  obtained  were 
compared  to  the  criterion  of  ASTM  E399-81  section  7.1.1  to  verify  that  a  valid 
plane-strain  fracture  toughness  had  been  obtained. 

Longitudinal  and  transverse  tension  tests  (ASTM  E8-81)  utilizing  flat  dogbone 
specimens,  and  subsize  Charpy  impact  tests  (ASTM  23-81)  were  performed  on  part 
313C,  plate  D,  and  the  uncracked  part  309  and  the  data  were  compared  to  the  re¬ 
quirements  of  MIL-A-46100. 

Centerline  Rockwell  C  hardness  (HRC)  tests  were  performed  on  samples  taken 
from  part  313C,  uncracked  components  which  were  subjected  to  stress  relief  heat 
treatments  after  cutting,  and  plate  D.  Hardness  readings  on  the  machined  Charpy 
and  tensile  bars  served  to  verify  these  centerline  readings.  To  determine  the 
effects  of  the  various  plate  cutting  procedures,  Knoop  microhardness  tests  were 
performed  in  0.01-inch  increments  in  from  the  cut  edge  on  samples  from  plates  cut 
by  each  of  three  processes:  gas-shielded  plasma,  water-shielded  plasma,  and  cold 
shearing.  The  Knoop  hardness  numbers  were  then  converted  to  Rockwell  C  for  ease  of 
comparison. 

Environmental  Assisted  Cracking  Tests 

In  order  to  determine  the  environmental  assisted  cracking  susceptibilities  of 
Mn-Mo-B  and  Ni-Cr  grades  of  high  hardness  steel,  plane-strain  stress  corrosion 
tests  were  performed  on  material  from  part  313C  and  plate  D.  For  each  material,  a 
series  of  six  precracked  cantilever-beam  specimens  (6”  x  0.05”  x  0.25”)  were  subjected 
to  various  static  cantilever  loads.  Each  of  these  different  loads  correspond  to 
different  initial  stress  intensity  and  the  time-to-failure  of  each  specimen,  when 
placed  in  a  distilled  water  environment,  was  measured.  A  plot  of  initial  stress 
intensity  versus  time-to-failure  was  made,  and  the  Kjg^^  was  taken  as  the  asymptote 
of  the  curves  at  1,000-hour  life. 
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The  susceptibility  of  the  Mn-Mo-B  grade  of  material  (part  313C)  to  environ¬ 
mental  assisted  crack  initiation  was  also  examined  by  testing  a  series  of  smooth, 
round  bar  specimens  in  atmospheres  ranging  from  0%  to  100%  relative  humidity.  Fracto- 
graphic  analysis  was  used  to  assess  the  crack  initiation  morphology. 

RESULTS  AND  DISCUSSION 

The  susceptibility  of  high  strength  armor  plate  to  stress  corros ion  cracking 
is  well  documented  in  the  open  1 iterature^”^  and  MIL-A-46100  armor  plate  is  no 
exception.  The  current  failure  analysis  indicates  environmental  assisted  cracking. 
Since  the  phenomenon  can  be  best  described  by  looking  at  the  four  characteristic 
conditions  of  crack  initiation,  environmental  interaction,  stress,  and  material 
susceptibility,  the  best  way  to  present  the  experimental  results  is  to  investigate 
each  condition  separately.  The  four  different  areas  will  then  be  brought  together 
in  the  summary . 

Crack  Initiation 

When  5/1 6- inch- thick  high  hardness  steel  was  incorporated  into  production, 
oxyfuel  cutting  became  an  unacceptable  method  of  cutting  detailed  parts  because  of 
the  wide  heat  affected  zone  (HAZ).  This  HAZ  is  deleterious  because  the  region  is 
ballistically  inferior  to  the  harder  base  material.  Therefore,  alternate  cutting 
procedures  were  implemented  by  the  vehicle  manufacturer  to  reduce  the  HAZ  size 
while  still  maintaining  satisfactory  production  rates . 

These  alternate  methods,  water-shielded  plasma  and  cold  shearing,  were  suc¬ 
cessful  in  reducing  the  HAZ  size.  However ,  they  caused  severe  edge  cracking  on  the 
as-cut  detail  parts  (Figure  2).  When  water-shielded  plasma  was  used,  the  rapid 
cooling  of  the  cut  edge  produced  a  very  narrow  HAZ  (30  mil),  with  a  thin  (5  to  10 
mil)  layer  of  untempered  martensite  at  the  cut  edge.  The  formation  of  this  mar¬ 
tensite  in  conjunction  with  the  high  cooling  rates  resulted  in  the  formation  of 
quench  cracks  at  90*^  to  the  plate  surface.  Analogously,  cold  shearing  of  the 
plates  introduced  large  amounts  of  mechanical  deformation  which  over  stressed  the 
material  and  cracked  the  edge  at  a  45^  angle  (Figure  2). 

Material s  Characterization/Environmental  Inf 1 uence 

The  high  hardness  steel  armor  was  procured  to  MIL-A-46100,  and  the  chemistry 
and  baseline  mechanical  properties  of  the  plates  involved  with  this  study  are  given 
in  Tables  3  and  5.  The  specimens  taken  from  part  313C,  which  had  a  catastrophic 
crack,  had  a  carbon  level  that  was  slightly  above  the  specification  range  (0.28  to 
0.32)  and  as  a  result  the  mechanical  properties  were  also  on  the  high  side  (HRC  55, 

UTS  =  290,  0.2%  YS  =  220  ksi).  However,  despite  the  unusually  high  strength  levels, 
the  -40^F  impact  and  room  temperature  fracture  toughness  values  are  satisfactory, 
and  consistent  with  values  typically  seen  for  high  hardness  armor  plate  (14  ft-lb 
and  65  ksi V  in. ) .  The  bulk  structures  of  the  313C  cracked  part  is  martensitic 
(Figure  3) ,  with  spherodized  inclusions  and  little  evidence  of  microstructural 
banding  or  any  other  inherent  defect  (such  as  stringers)  which  could  account  for 
the  type  of  gross  cracking  observed  in  the  as-cut  parts.  It  should  be  noted, 
however,  that  the  plates  were  tempered  at  150Of  for  15  minutes  in  warm  water,  and 
this  fact  set  the  stage  for  the  EAC  phenomenon  because  the  majority  of  the  quench- 
induced  stresses  remained  in  the  plate  after  tempering. 
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c.  Gas-Shielded  Plasma 


Two  of  three  cutting  processes  used  caused  edge  cracks  up  to  0.09  inch  In  length. 
These  microcracks  function  as  EAC  initiation  sites. 


d.  Magnetic  Particle  Inspection  of  Plate  Edge  in  a. 
Figure  2.  Comparison  of  Cut  Edges 
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1.  Tempered  martensite  microstructure  seen  In  all  samples. 

2.  Inclusions  are  spherodized. 

3.  No  inherent  material  deficiency  (i.e.,  banding)  can  be  linked  to  the  cracking  phenomenon. 


Figure  3.  Comparison  of  Microstructures. 


Table 

5.  CHEMISTRY  AND 

PROPERTY 

DATA  ON 

HIGH-HARD  STEEL 

0.2/,  YS 
(ksi ) 

UTS 
(ksi ) 

Elon . 
(':0 

RA 

(^) 

HRC 

-40°F 

CVN 

(ft-lb) 

(ksi  V  in. ) 

'^lEAC 
(ksi  VTrT, ) 

313C 

Mn-Mo- 

■B 

220.0 

289.0 

8,9 

36.0 

55.0 

15.0 

68.5 

15.0 

(Distilled  Water) 

D 

Ni-Cr 

222.0 

276.0 

7.5 

42.3 

50.0 

15.0 

64.5 

13.0 

(Distilled  Water) 

4340* 

230.0 

280.0 

12.0 

39.0 

51  .0 

15.0 

60.0 

12.0 

8.0 

(Distilled  Water) 
(Sea  Water) 

J13 

(Ref. 

2) 

207.0 

255.0 

13.3 

51  .8 

51  .0 

- 

99.0 

15.7 

23.0 

(Distilled  Water) 
(3.5%  NaCl) 

G11 

(Ref. 

2) 

208.0 

262.0 

13.5 

49.8 

50.0 

- 

83.0 

15.8 

17.2 

(Distilled  Water) 
(3.5%  NaCl) 

*ASM  Metals  Handbook,  v.  1,  9th  Edition,  1978. 


For  comparison,  a  nickel-chromium  grade  of  high  hardness  armor  was  examined 
and  similar  results,  both  microstructurally  and  mechanically,  to  the  Mn-Mo-B  grade 
were  obtained  (Table  5  and  Figure  3).  Since  the  Ni-Cr  grade  of  high  hard  is  a 
richer  alloy  (Table  3),  it  is  typically  tempered  at  higher  temperatures.  This 
reduces  the  relative  tendency  for  EAC  to  occur.  However,  it  is  felt  that  if  Ni-Cr 
and  Mn-Mo-B  high-hard  steels  are  processed  in  exactly  the  same  manner,  both  will 
possess  similar  susceptibilities  to  EAC . 

Crack  tips  from  cracks  ranging  in  length  from  0.25  inch  to  7.0  inches  from  parts 
313A,  B,  and  C  were  examined  by  optical  microscopy  and  SEM,  and  the  fracture  sur¬ 
faces  were  compared  to  tensile  and  Charpy  bar  fracture  surfaces.  The  tensile  and 
Charpy  bars  failed  through  microvoid  coalescence  regardless  of  the  test  temperature 
(Figure  4),  while  the  service  cracks  are  clearly  intergranular  regardless  of  crack 
length  (Figure  5).  The  implication  of  this  result  is  that  high  hardness  armor  will 
not  fracture  in  an  intergranular  manner,  but  rather  through  microvoid  coalescence 
under  normal ,  ambient  conditions . 

Since  it  seems  that  a  different  type  of  fracture  mechanism  is  operative  under 
service/fabrication  conditions,  a  series  of  humid  tension  tests  were  run  at  room 
temperature  to  determine  the  susceptibility  of  the  material  to  crack  initiation. 

The  resulting  properties  under  various  conditions  of  humidity  were  consistent  with 
the  results  obtained  under  ambient  conditions  (Table  6).  In  addition,  the  classic 
"cup-cone"  fracture  morphology  in  the  necked  region  was  seen,  as  well  as  microvoid 
coalescence  across  the  entire  fracture  surface.  Therefore,  it  can  be  concluded 
that  the  material  is  not  susceptible  to  EAC  crack  initiation. 


Table  6.  HUMID 

TENSILE 

TESTS 

Base  Material 

-  Part 

313C 

Humidity 

RA 

UTS 

{%) 

{%) 

(ksi ) 

0  (Ambient) 

36.0 

289.0 

35 

43.6 

297.5 

85 

43.8 

289.8 

100 

45.0 

287.3 
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Charpy  Bar,  lOO^C,  Mn-Mo-B 


Tensile  Bar,  RT,  Mn-Mo-B 


Figure  4.  Comparison  of  Fracture  Surfaces, 


It  appears  therefore,  that  the  susceptibility  of  high  hardness  armor  to  EAC  is 
linked  to  a  preexistent  crack  interacting  with  sufficient  levels  of  stress  to  cause 
crack  propagation  in  the  ambient  environment.  Table  5  shows  data  for  a  series  of 
different  high  strength  materials  tested  under  various  environments  and  all  the 
materials  with  similar  strength  levels  show  stress  corrosion  fracture  toughnesses 
of  15  to  20  ksi  V in.  These  data  are  consistent  with  Dawson  and  Levy,^  who  have 
suggested  that  the  susceptibility  of  a  material  to  EAC  is  not  dependent  on  the  type 
of  environment,  but  rather  on  the  material  strength,  with  the  susceptibility  increas 
ing  with  the  yield  strength. 


425X 


SEM  of  Crack  Tip 
from  2  inch  Crack 


Optical  Metallography  of  Crack  Tip 
from  0.030  inch  Crack 


Figure  5.  Fracture  surfaces  of  service  crack 


In  order  to  confirm  this  strength  dependency  of  cantilever  beam 

tests  were  performed  on  material  from  both  Ni-Cr  and  Mn^-Mo-B  grades  of  high  hard¬ 
ness  steel.  The  time-to-break  was  measured  and  the  results  are  plotted  in  Figure  6 
The  asymptote  of  these  stress  intensity  versus  time-to- fracture  curves  at  1000-hour 
life  were  taken  as  the  and  both  grades  of  high  hard  displayed  threshold 

stress  intensities  of  10  to  15  ksi V  in. ,  which  is  consistent  with  the  values  given 
in  Table  5. 


Exposure  To  Distilled  Water 


time-to-break  curves, 


The  low  values  indicate  clearly  that  the  ^rmor  that  failed  during  fabri¬ 

cation,  as  well  as  the  Ni-Cr  grade,  are  both  highly  susceptible  to  EAC  when  a  pre¬ 
existing  crack  is  exposed  to  an  aggressive  environment  and  this  material  is  not 
susceptible  to  EAC  crack  initiation.  Therefore,  one  alternative  is  to  cut  the 
parts  in  a  way  that  avoids  introducing  edge  cracks.  Gas-shielded  plasma  is  a 
thermal  cuttting  process  that  can  provide  a  narrow  HAZ  along  with  slower  cooling 
rates  than  water-shielded  plasma.  In  this  way,  the  good  points  of  both  water- 
shielded  plasma  (speed  of  cut)  and  oxyfuel  (slower  cooling)  cutting  are  achieved 
without  initiating  cracking  at  the  cut  edge.  This  approach  was  tried  in  production, 
and  edge  cracks  were  avoided,  but  the  gas-shielded  plasma  technique  became  an  un¬ 
desirable  option  due  to  excessive  smoke  and  high-noise  levels. 

Changing  the  cutting  method  is  only  a  short-run  solution,  because  if  a  crack 
is  introduced  at  some  later  point,  (e.g.,  due  to  a  ballistic  impact),  it  will  prop¬ 
agate  by  EAC.  Therefore,  the  best  way  to  approach  the  problem  is  to  minimize  the 
stress  level  in  the  plate  in  order  to  reduce  the  tendency  for  crack  propagation. 

Residual  Stress 

In  order  for  edge  cracks  (caused  by  detail  part  cutting)  to  propagate  under 
the  influence  of  the  environment  (ambient  humidity),  there  must  be  a  tensile  stress 
(either  applied  or  residual).  Since  no  significant  external  loads  were  placed  on 
the  high  hardness  steel  plates  studied,  residual  tensile  stresses  are  indicated. 

Two  sources  of  residual  stress  in  high  hardness  steel  parts  are  the  heat  treatment 
process  used  to  produce  the  plate,  and  the  thermal  cutting  process  used  during  the 
fabrication  of  the  plates. 

It  is  generally  accepted  that  the  quenching  during  heat  treatment  is  a  primary 
source  of  residual  stress,  while  tempering  relieves  the  quenched  stresses.  During 
quenching  of  armor  steel,  the  plate  is  restrained  to  prevent  dimensional  distortion 
(variations  in  flatness  and  excessive  waviness  of  the  plate)  either  by  a  platten 
quench  press  or  by  a  roller  quench  press.  This  macroscopic  restraint  coupled  with 
the  microscopic  lattice  distortion  of  the  martensitic  transformation  will  create 
residual  stress  in  the  plate. 

X-ray  diffraction  measurements^  showed  that  compressive  stresses  were  present^ 
due  to  shot  blasting  of  the  part . ^  However ,  tensile  stress  had  to  be  present  for 
the  crack  to  propagate. 

Tempering 

Tempering  of  quenched  plates  not  only  allows  carbide  formation  in  martensite, 
it  also  allows  stress  relaxation  to  occur.  This  investigation  examined  macrostress 
relaxation  in  tension  specimens  at  typical  high  hardness  steel  tempering  temperature 
(150*^F  to  400*^F)  with  the  test  set-up  shown  in  Figure  7.  Two  initial  applied 
stresses  (200  ksi  and  100  ksi)  were  examined,  and  the  stress-time  dependence  can  be 
seen  in  Figure  8.  Both  curves  have  several  common  factors.  First,  the  higher  the 
temperature  the  greater  the  stress  relieved.  Second,  the  majority  of  the  stress 
relief  occurs  within  the  first  30  minutes  of  tempering,  with  practical  maximum 

6.  CULLITY,  D.  B.  Elements  of  X~Ray  Diffraction,  2nd  ed.,  Addison-Wesley  Pub.,  Reading,  MA,  1978,  Chapter  16,  p.  447476. 

7.  GAZZARA,  C.  X-Ray  Residual  Stress  Analysis  of  Steel  Armor  Plate  No,  312  Part  IL  Letter  Report,  22  March  1983. 

8.  WOHLFAHRT,  H.  Shot  Peening  and  Residual  Stresses  in  Residual  Stress  and  Stress  Relaxation,  Proceedings  of  28th  Sagamore  Army 
Mateirals  Conference,  1982,  p.  71-92. 
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Figure  7.  Stress  relaxation  test  fixture. 


a.  Initial  stress  =  200  ksi 
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Time  at  Temperature  (hr) 

f 

b.  Initial  stress  =  100  ksi 


Time  at  Temperature  (hr) 
Figure  8.  Stress  relaxation  results 


stress  relief  occurring  after  one  hour.  Theories  of  stress  relief  relate  the  mech¬ 
anism  to  either  the  tempering  process  (micros true tura 1  changes)  or  dislocation 
motion  (a  low  temperature  creep  phenomena).  Brown  and  Cohen, ^  in  their  studies 
use  d  a  split  ring  type  of  specimen  to  relate  percent  stress  relieved  to  tempering 
temperatures  and  times  in  an  AISI  52100  steel.  They  found  that  maximum  stress 
relief  occurred  after  one  hour  and  the  magnitude  increased  with  tempering  tempera¬ 
ture  .  Their  use  of  a  significantly  higher  carbon  steel  hov/ever ,  precludes  a  direct 
comparison .  Another  explanation  for  stress  relie f  is  by  a  low  temperature  creep 
type  of  dislocation  motion.  Disciassions  of  low  temperature  creep^^  relate  strain 
(in  this  case  stress  relaxation  at  fixed  strain)  to  dislocation  activity.  Disloca¬ 
tion  motion  is  thermally  activated,  and  no  regeneration  occurs.  Hence,  for  a  spe¬ 
cific  temperature  there  is  a  fixed  amount  of  stress  relief,  and  increasing  tempera¬ 
ture  would  increase  the  number  of  active  dislocations  and  therefore  the  magnitude 
of  the  stress  relieved.  In  summary,  both  explanations  of  stress  relief  mechanisms 
are  consistent  with  the  finding  of  this  study  that  increasing  tempering  temperature 
will  increase  stress  relaxation  and  maximum  stress  relief  occurs  after  a  finite 
t  ime . 


High  hardness  steel  specification  (MIL-A-46100 )  requires  a  hardness  of  HRC  48 
to  52,  and  a  maximum  carbon  content  of  0.32%.  These  combined  requirements  make  it 
necessary  to  allow  as  low  a  tempering  temperature  as  possible.  A  minimum  tempering 
condition  of  30  minutes  at  350^F  was  chosen  in  order  to  maximize  stress  relaxation 
without  compromising  hardness,  or  requiring  uneconomical  times  in  the  furnace. 

This  minimum  tempering  requirement  was  presented  at  the  June  1983  specifications 
meeting,  and  was  accepted  by  government  and  industry  representatives.  It  was 
incorporated  into  revision  C  of  MIL-A-46100.  It  should  be  noted  the  30  minutes  at 
350*^F  is  the  time  at  temperature  at  the  plate  centerline ,  so  plates  substantially 
thicker  than  the  5/16-inch  plate  studied  here  would  require  furnace  times  longer 
than  30  minutes,  e.g.,  a  2-inch  plate  would  require  three  hours  in  the  furnace 
to  have  the  centerline  be  at  350^F  for  30  minutes. 


SUMMARY 

The  cracking  of  the  5/16-inch  armor  plate  (MIL-A-46100)  has  been  shown  to  be  a 
representative  example  of  environmental  assisted  cracking,  where  an  edge  crack 
introduced  by  a  fabrication  process  interacted  with  the  moisture  in  the  ambient 
environment  and  bulk  plate  residual  stress  to  promote  stable,  subcritical  crack 
propagation . 

Since  the  four  necessary  conditions  are  interdependent  and  must  exist  simul¬ 
taneously,  several  approaches  to  avoiding  the  EAC  problem  have  been  addressed  in 
this  study.  First,  and  most  simple,  if  the  cutting  procedure  is  controlled  to 
avoid  edge  cracking,  there  will  be  no  EAC  because  preexistent  cracks  are  absent. 
This  however,  is  a  shortsighted  approach,  because  if  at  some  later  point  during  the 
life  of  the  vehicle  a  crack  is  introduced,  EAC  will  become  operative. 


9.  BROWN,  R.  L.,  RACK,  H.  J.,  and  COHEN,  M.  Stress  Relaxation  During  the  Tempering  of  Hardened  Steel,  Materials  Science  and 
Engineering,  v.  21,  1975,  p.  25-34. 

10.  DIETER,  G.  E.  Mechanical  Metallurgist,  McGraw-HiU  Co.,  New  York,  1976,  Chapter  13,  p.  451-487. 
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Second,  and  still  relatively  shortsighted,  is  to  subject  all  as-cut  parts  to  a 
post  cut  stress  relief  heat  treatment  (PCSRHT)  in  order  to  lower  the  bulk  stresses 
in  the  detailed  parts,  as  well  as  any  stress  gradient  at  the  part  edge  due  to  ther¬ 
mal  cutting.  However,  if  a  crack  is  present  in  the  detail  part,  there  is  no  guar¬ 
antee  that  the  PCSRHT  has  been  completely  successful,  and  the  crack  may  still  prop¬ 
agate,  although  at  a  reduced  rate.  Furthermore,  the  PCSRHT  will  invariably  lower 
the  bulk  hardness  of  the  detail  part  by  1  to  2  HRC,  and  careful  track  must  be  kept 
of  the  initial  hardness  to  ensure  that  the  parts  are  not  oversoftened  below  the 
minimum  required  in  MIL-A-46100. 

The  most  farsighted  approach  to  controlling  EAC  is  to  limit  the  level  of 
quench-induced  residual  stress  in  the  bulk  plates  during  heat  treatment  in  the 
steel  mill.  The  high  hardness  armor  of  this  study  was,  in  retrospect,  defective 
in  the  sense  that  the  tempering  parameters  of  150^F/15  min  were  virtually  in¬ 
effectual  with  respect  to  any  significant  reduction  of  stress  (Figure  8).  However, 
if  these  same  plates  had  been  tempered  with  the  recommended  temperature-time  param¬ 
eters,  adequate  reductions  of  plate  stress  would  have  been  achieved.  Through  this 
methodology,  even  if  a  small  fabrication-induced  edge  crack  exists,  it  will  not 
grow  because  there  is  no  driving  force  (e.g.,  residual  stress  levels  are  too  low). 
Analogously,  by  lowering  the  plate  stresses,  the  instantaneous  stress  intensity  of 
the  crack  tip  is  below  the  stress  corrosion  fracture  toughness. 

Revision  C  of  MIL-A-46100  incorporates  a  change  which  requires  a  minimum 
treatment  of  350^F  for  30  minutes  as  a  final  heat  treatment  operation. 

This  modification  to  the  specification  has  been  successful  in  that  no  reports 
of  catastrophic  cracking  of  high-hard  plates  during  vehicle  contruction  have  been 
made  since  June  1983,  when  revision  C  of  MIL-A-46100  became  effective. 

More  research  is  required,  however,  to  ensure  that  the  specified  minimum 
temperature  and  time  are  sufficient.  The  stress  relaxation  experiments  conducted 
in  this  study  indicate  that  these  tempering  conditions  should  result  in  a  reduction 
of  bulk  plate  stress  levels  of  approximately  25%.  Further  studies  are  needed  to 
measure  typical  residual  stress  levels  in  as-quenched  and  in  tempered  plate  pro¬ 
duced  by  the  various  industrial  roller  and  platten  quench  facilities.  Fracture 
mechanics  could  then  be  used  to  specify  combination  of  tempering  conditions  and 
maximum  length  of  edge  cracks  introduced  by  plate  cutting  to  maintain  Kiq  < 
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